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2a. State-of-the-art and objectives

With the discovery of the Higgs boson in 2012, the Large Hadron Collider (LHC) at CERN has
revealed the mechanism underlying electroweak symmetry breaking, a key feature of the Standard
Model (SM) of elementary-particle physics. At the same time, the LHC should guide us to resolve
some of the pressing questions left unanswered by the SM. The existence of dark matter and the
abundance of matter over antimatter in the universe are among the phenomena that can only be
explained postulating the existence of “new physics” in the form of new particles and interactions.
In April 2022, the LHC has continued its high-luminosity run, 12 years after the first protons were
collided. In the absence of any direct discoveries of new physics, and in light of some intriguing indirect
hints for the existence of heavy new particles from precision measurements of the anomalous magnetic
moment of the muon [1] and some rare decay processes of B mesons [2], the question poses itself:
Which strategy should one take to fully exploit the discovery potential of the high-luminosity LHC?
I argue in this proposal that precision is the key! Indirect signals of new physics might be hiding
“right under our noses”, but we are limited in our ability to discover them due to present theoretical
uncertainties. In searches for new phenomena, the SM background processes must be controlled with
highest possible accuracy. Thus, we need to significantly improve our ability to calculate the cross
sections for important LHC processes, both in the SM and in extensions featuring new particles.

Scattering processes in which jets – highly collimated sets of energetic particles – are produced
are the most important class of observables studied in high-energy processes, because they closely
mirror the underlying hard-scattering event. They are thus well suited to study short-distance
physics and play an important role in the search for new phenomena. However, the rates for jet
production at hadron colliders are also among the most complicated observables to calculate the-
oretically. Traditionally, cross sections for hadron-collider processes are calculated using pertur-
bative expansions in powers of the strong coupling ↵s along with QCD factorization theorems ,
which relate the hadronic cross sections to partonic cross sections convoluted with parton distri-
bution functions. There has been impressive recent progress on the front of fixed-order perturbative
calculations, where an increasing number of inclusive observables have been computed at next-to-
next-to-next-to-leading order (NNNLO) of perturbation theory [3–16]. For exclusive (or non-global)
observables such as jet cross sections, in which a veto is imposed on radiation in a region away
from the jets, the state-of-the-art is NNLO, see e.g. [17]. Despite these advances, for non-global
observables we are still lacking an understanding of even the leading logarithmically enhanced cor-
rections in higher orders of perturbation theory. Starting from four-loop order, double-logarithmic
corrections arise – the super-leading logarithms (SLLs) [18] – whose structure is still largely unknown.
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Figure 1: Diagrammatic representation of
two Glauber-gluon exchanges (red) between the
initial-state partons in a proton-proton collision.
Collinear gluons moving along the beam directions
are drawn in blue, soft gluons emitted into the gap
are shown in green.

One might think that these e↵ects are numerically
very small, because they only arise in higher orders,
but I argue that they can naturally be of the same or-
der as a one-loop correction. It is then imperative to
study these e↵ects in detail and add the corresponding
corrections to existing fixed-order calculations. The
SLLs are caused by a subtle quantum e↵ect: the ex-
change of two Coulomb gluons (or Glauber gluons) be-
tween the two initial-state partons in the scattering
process, see Figure 1. This leads to a breakdown of
color coherence, the fact the sum of soft-gluon emis-
sion o↵ two collinear partons has the same e↵ect as
a single soft emission o↵ the parent parton. Color
coherence, however, is the basis for proofs of QCD
factorization theorems, which underly the theoretical
calculation of all LHC cross sections. The physics that
gives rise to the SLLs therefore leads to a breaking of
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red: Coulomb gluons
blue: gluons emitted along beams 
green: soft gluons between jets

Loss of color coherence from initial-
state Coulomb interactions

[Forshaw, Kyrieleis, Seymour 2006]
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▸ Weird “superleading logarithms” 
▸ Breakdown of naive factorization 
▸ Phenomenological consequences?

[Forshaw, Kyrieleis, Seymour 2006]
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gap:

 2Eout < Q0

unrestricted Ein ~ Q

L = ln(Q/Q0) � 1
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state-of-the-art: 2-loop order [Forshaw, Kyrieleis, Seymour 2006]
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Jet cross sections at high-energy colliders exhibit intricate patterns of logarithmically enhanced

higher-order corrections. In particular, so-called non-global logarithms emerge from soft radiation

emitted o↵ energetic partons inside jets. While this is a single-logarithmic e↵ect at lepton colliders,

at hadron colliders phase factors in the amplitudes lead to double-logarithmic corrections starting

at four-loop order. This e↵ect was discovered a long time ago, but not much is known about the

higher-order behavior of these terms and their process dependence. We derive, for the first time,

the all-order structure of these “super-leading logarithms” for generic 2 ! l scattering processes at

hadron colliders and resum them in closed form.

If the radiation in a high-energy scattering process is
restricted by experimental cuts, higher-order terms in the
perturbative series are enhanced by large logarithms as-
sociated with soft and collinear emissions. The simple
structure of these emissions often makes it possible to
resum the logarithmic terms to all orders, either analyt-
ically or using parton-shower methods. For non-global
observables, such as exclusive jet cross sections in which
a veto on radiation is imposed only in certain angular
regions, even the leading logarithms have a complicated
structure due to the fact that they are generated by sec-
ondary emissions o↵ the original hard partons [1].

The prototypical non-global observable is the interjet
energy flow, where a veto associated with a low scale Q0

is imposed on radiation in a region away from the hard
jets with energy of the order of the collision energy Q.
Being sensitive only to large-angle soft radiation, one ex-
pects the leading logarithms to this observable to scale as
↵n
s Ln, where L = ln(Q/Q0). This is indeed the case for

e+e� colliders, but Forshaw, Kyrieleis and Seymour [2]
argued that at hadron colliders double logarithms arise
at four-loop order, so that the leading logarithm at this
order is ↵4

sL
5. These so-called super-leading logarithms

(SLLs) are a subtle e↵ect generated by complex phases in
the amplitudes, which spoil the real-virtual cancellation
for collinear emissions o↵ the initial states [3–5]. The
e↵ect is absent in the large-Nc limit and not captured
by any of the existing parton showers, which therefore
do not account for the leading-logarithmic corrections to
non-global observables at hadron colliders.

Even 15 years after this e↵ect was discovered, remark-
ably little is known about it. While the first SLL is known
for arbitrary 2 ! 2 hard processes [6], the second SLL
(⇠ ↵5

sL7) is known for some selected partonic channels
only [7]. The all-order structure of SLLs, their contribu-
tion to other hard processes and their large-order behav-
ior are completely unknown. One reason for this lack of
understanding lies in the fact that one needs to perform
calculations in the full color space, whose dimension is

rapidly growing with the number of emitted partons.
In [8, 9] we have derived factorization theorems for

non-global observables in Soft-Collinear E↵ective The-
ory (SCET) [10–12] and found that non-global logarithms
are governed by a renormalization-group (RG) equation.
Here we apply this method to non-global logarithms at
hadron colliders and derive the all-order structure of the
SLLs ↵3

sL
3 ⇥ ↵n

s L2n for arbitrary 2 ! l processes. We
further show that the e↵ect already arises for l = 0, rel-
evant e.g. to Higgs production with a central jet veto.

As a concrete example, we consider the pp ! 2 jet
cross section with a veto on hard radiation in a rapidity
region �Y in between the two leading jets. This can be
imposed by requiring that any additional jet in the veto
region has a transverse momentum smaller than Q0. At
leading logarithmic accuracy, there is no sensitivity to
how the radiation is vetoed but only to the scale hier-
archy between Q0 and the transverse momentum of the
hard jets, which is of order the partonic center-of-mass
energy, Q =

p
ŝ =

p
x1x2s. For this “gap between jets”

observable, the following factorization formula holds [13]:

�(Q0) =
X

a1,a2=q,q̄,g

Z
dx1dx2

⇥
1X

m=4

⌦
Hm({n}, Q, µ) ⌦ Wm({n}, Q0, x1, x2, µ)

↵
.

(1)

The hard functions Hm describe all possible m-parton
processes a1 + a2 ! a3 + · · · + am and are obtained after
imposing appropriate kinematic constraints, such as cuts
on the transverse momenta and rapidities of the leading
jets. One then integrates over the phase space but for
fixed directions {n} = {n1, . . . , nm} of the m partons,
i.e.

Hm =
1

2ŝ

mY

i=3

Z
dEi E

d�3
i

(2⇡)d�2
|Mm({p})ihMm({p})|

⇥ (2⇡)d �(
p

ŝ � Etot) �(d�1)(~ptot) ⇥hard

��
p
 �

,

(2)

ar
X

iv
:2

10
7.

01
21

2v
1 

 [h
ep

-p
h]

  2
 Ju

l 2
02

1

�2!M (Q,Q0) =
X

a,b=q,q̄,g

Z
dx1dx2

1X

m=2+M
<latexit sha1_base64="+eAdX5vWj0UX6mJEZJJeGJto+38="></latexit>

ab
<latexit sha1_base64="FA9+UtzrijnQRMXcvf1pbYac034=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oUy2m3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5aCYJ8yMcSh5yisZKDxj0yxW36s5BVomXkwrkaPTLX71BTNOISUMFat313MT4GSrDqWDTUi/VLEE6xiHrWioxYtrP5pdOyZlVBiSMlS1pyFz9PZFhpPUkCmxnhGakl72Z+J/XTU147WdcJqlhki4WhakgJiazt8mAK0aNmFiCVHF7K6EjVEiNDadkQ/CWX14lrVrVu6jW7i8r9Zs8jiKcwCmcgwdXUIc7aEATKITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AX6HjVU=</latexit>

ab
<latexit sha1_base64="FA9+UtzrijnQRMXcvf1pbYac034=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oUy2m3bpZhN2N0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqKGvSWMSqE6BmgkvWNNwI1kkUwygQrB2Mb2d++4kpzWP5aCYJ8yMcSh5yisZKDxj0yxW36s5BVomXkwrkaPTLX71BTNOISUMFat313MT4GSrDqWDTUi/VLEE6xiHrWioxYtrP5pdOyZlVBiSMlS1pyFz9PZFhpPUkCmxnhGakl72Z+J/XTU147WdcJqlhki4WhakgJiazt8mAK0aNmFiCVHF7K6EjVEiNDadkQ/CWX14lrVrVu6jW7i8r9Zs8jiKcwCmcgwdXUIc7aEATKITwDK/w5oydF+fd+Vi0Fpx85hj+wPn8AX6HjVU=</latexit>

low scale

operator in color space and in the 
infinite space of parton multiplicities

1 Introduction

µ
d

dµ
H

ab

l
({n}, Q, µ) = �

X

ml

H
ab

m
({n}, Q, µ)�H

ml
({n}, Q, µ) (1)

H
ab

m
({n}, Q, µ = Q)⌦

1X

l=m

Uml({n}, Q,Q0)⌦W
ab

l
({n}, Q0, x1, x2, µ = Q0) (2)

H
ab

m
({n}, Q)⌦

1X

l=m

Uml({n}, Q,Q0)⌦W
ab

l
({n}, Q0, x1, x2) (3)

U ({n}, Q,Q0) = P exp

Z
Q

Q0

dµ

µ
�H({n}, Q, µ)

�
(4)

Thomas has shown that the fundamental color structures we need to analyze are

K2!M

m,n
=

⌦
H2!M ⌦̂�C . . . ⌦̂�C

| {z }
(n�m) times

�I
⌦̂�C . . . ⌦̂�C

| {z }
m times

�I
⌦̂�

↵
, (5)

where M � 0 is the number of final-state partons at Born level. We consider a generic

2 ! M hard-scattering process described by the hard function H2!M . The insertions of color

operators should be read from left to right. The relevant anomalous dimensions are given by

�C
=

X

i=1,2

⇥
4Ci 1� 4Ti,L � Ti,R �(nk � ni)

⇤
,

�I
= �8i⇡ (T1,L · T2,L � T1,R · T2,R) ,

� = 2

X

(ij)

(Ti,L · Tj,L + Ti,R · Tj,R)

Z
d⌦(nk)

4⇡
W

k

ij
� 4

X

(ij)

Ti,L · Tj,R W
k0

ij
✓in(nk0) .

(6)

The labels i = 1, 2 refer to the initial-state partons, while the label k0 refers to the parton

emitted in the last step of the iteration. The additional p  n collinear gluons, which can

be emitted from the n insertions of �C
, are labeled by indices k1, . . . , kp. The symbol (ij) on

the sums in the expression for � runs over all (unordered) pairs of parton indices with i 6= j.
This sum includes both the initial-state and all final-state partons. We use the color-space

formalism, where Ti denotes a color generator acting on particle i. The superscripts L and R
are defined such that

⌦
HTi,L · Tj,R W

↵
⌘

⌦
T

a

i
HT

a

j
W

↵
=

⌦
HT

a

j
W T

a

i

↵
. (7)

The first n symbols ⌦̂ in (35) imply integrations over the directions nki of these collinear

partons, which simply has the e↵ect of replacing �(nk � ni) ! 1 in the expression for �C
.

The last ⌦̂ means an integration over the direction nM+1, which has the e↵ect of adding an

integral
R

d⌦(nM+1)
4⇡ in front of the second term in �. The trivial consequences of these angular

integrations is a result of the important fact that the relevant soft function in this process,

1

high scale

5

[Becher, MN, Shao 2021]
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define � = Vm + Rm. The collinear singularities in the soft anomalous dimension are encoded in the
quantity

�c =
X

i=1,2

4
⇥
Ci 1� Ti,L � Ti,R �(nm+1 � ni)

⇤
, (12)

which enters the anomalous dimension multiplied by ln(µ2
/ŝ), where

p
ŝ = Q is the partonic center-

of-mass energy. When inserted into (8) this gives rise to double logarithms, which are the source of the
SLLs. All final-state collinear singularities cancel between real and virtual contributions, and for this
reason only the initial-state pieces (with i = 1, 2) must be kept. The cancellation for the initial-state
terms is spoiled by the complex Coulomb phases in (3), which are contained in [17]

V G = �8i⇡ (T1,L · T2,L � T1,R · T2,R) . (13)

Color conservation implies that these phases are only relevant for processes involving (at least) two
colored partons in the initial state. The color generators Ti,L act on the amplitude and hence multiply
the hard functions Hm from the left, while the generators Tj,R act on the conjugate amplitude and
stand on the right of Hm. The color matrices in the virtual part act on the color indices of the m

partons, Ti · Tj =
P

a
T a

i
T a

j
, and Ti · Ti = Ci 1 is the quadratic Casimir operator of parton i. The

color matrices in the real-emission terms Rm and in the second term in (12) are di↵erent. They take
an amplitude with m partons and map it to an amplitude with (m + 1) partons. Explicitly, we have
Hm Ti,L � Tj,R = T a

i
Hm T ã

j
, where the color indices a and ã refer to the emitted gluon. We use the

symbol � to indicate the presence of the additional color space of the emitted parton. Subsequent
applications of the anomalous-dimension matrix can act on these indices.

Collinear safely, the fact that the singularities associated with real and virtual collinear emissions
cancel against each other, ensures that under the color trace in (8) the operator �c vanishes whenever
it stands left to the 1. Combined with the fact that the commutator [�c

,�] vanishes under the trace
in (8), this implies that Sudakov double logarithms arise only in the presence of the Coulomb phases
V G. It follows that for a given 2 ! 2 scattering process the SLL at (3 + n)th order in perturbation
theory is associated with color traces of the form

Crn =
⌦
H4 (�c)r V G (�c)n�r V G �⌦ 1

↵
, (14)

where 0  r  n. Each insertion of �c gives rise to a double logarithm. This explains why the SLLs
first appear at four-loop order. However, the three-loop term (n = 0) originates from the same color
structures and is numerically significant, even though it only involves the imaginary part ⇡ = | ln(�1)|
of the large logarithm. Neglecting the running of the coupling ↵s, setting µh = Q =

p
ŝ and µs = Q0,

and evaluating the integrals over µ arising in the Taylor expansion of the matrix exponential in (8),
we find for the contribution of SLLs to the cross section

�SLL = �Born

1X

n=0

⇣
↵s

4⇡

⌘
n+3

L
2n+3 (�4)n n!

(2n + 3)!

nX

r=0

(2r)!

4r (r!)2
Crn , (15)

where L = ln(Q/Q0). Starting from four-loop order two large logarithms per loop arise.
For the simplest case of quark-initiated 2 ! 2 scattering, we have succeeded to evaluate the color

traces Crn in closed form in terms of only three non-trivial color structures [50]. The result reads

Crn = 28�r
⇡
2 (4Nc)

n

⇢ X

j=3,4

Jj

⌦
H4

⇥
(T2 � T1) · Tj + 2r�1

Nc (�1 � �2) dabc T
a

1 T b

2 T
c

j

⇤↵

+ 2 (1 � �r0) J2
⌦
H4

⇥
CF + (2r � 1)T1 · T2

⇤↵�
,

(16)

where �i = 1 for an initial-state antiquark and �i = �1 for an initial-state quark. The sum in the
first term runs over the final-state partons. The structure H4 is normalized such that hH4i = 1. All
information about the phase-space restrictions is contained in the angular integrals

Jj =

Z
d⌦(nk)

4⇡

⇣
W

k

1j � W
k

2j

⌘
⇥veto(nk) ; with W

k

ij =
ni · nj

ni · nk nj · nk

, (17)

8

d�SLL = d�Born
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linearly independent color structures must be generalized to

S1 = fabefcde {T b
1 ,T

c
1 } {T a

2 ,T
d
2 } ,

S2 = dadedbce {T b
1 ,T

c
1 } {T a

2 ,T
d
2 } ,

S3 = dadedbce
h
T

a
2

�
T

b
1 T

c
1 T

d
1

�
+
+ (1 $ 2)

i
,

S4 = {T a
1 ,T

b
1 } {T a

2 ,T
b
2 } ,

S5 = T1 · T2 ,

S6 = 1 .

(49)

In other words, the linear combinations of the di↵erent structures in each line of (45) are
broken up in their substructures. With this generalization, we obtain the mappings

S1 ! 8Nc S1 + 2Nc S2 + 8S4 + 32C1C2 S6 ,

S2 ! 4Nc S2 ,

S3 ! 4Nc S3 ,

S4 ! 8S1 + 8Nc S4 ,

S5 ! 4Nc S5 ,

S6 ! 0 .

(50)

Therefore, the basis {Si} closes under repeated application of �c.
At this point, we obtain the final result

Crn = �256⇡2 (4Nc)
n�r

"
M+2X

j=3

Jj

4X

i=1

c(r)i

⌦
H2!M O

(j)
i

↵
� J12

6X

i=1

d(r)i

⌦
H2!M Si

↵
#
, (51)

where the basis operators have been defined in (40) and (49). It follows from (21) that the

coe�cients d(r)i vanish for r = 0. We find that these coe�cients obey the recurrence relations

d(s+1)
1 = 2Nc c

(s)
1 + 4c(s)3 + 8Nc d

(s)
1 + 8d(s)4 ,

d(s+1)
2 = Nc c

(s)
1 + 2Nc d

(s)
1 + 4Nc d

(s)
2 ,

d(s+1)
3 = 2Nc c

(s)
1 + 4Nc d

(s)
3 ,

d(s+1)
4 = 4c(s)1 + 2Nc c

(s)
3 + 8d(s)1 + 8Nc d

(s)
4 ,

d(s+1)
5 = 4 (C1 + C2)

h
4c(s)1 +Nc c

(s)
3 �Nc c

(s)
4

i
� 2Nc (N2

c + 8)

3
c(s)1 � 4N2

c c
(s)
3 + 4Nc d

(s)
5 ,

d(s+1)
6 = 8C1C2

h
2c(s)1 �Nc c

(s)
4 + 4d(s)1

i
.

(52)
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Basis of color structures:

where
F (6)
abcd = �fBbefCce F

(4)
aBCd . (32)

This would seem to generate increasingly complicated tensor structures, but using the explicit
form of F (4)

abcd in (27) we find that this is, in fact, not the case. Instead, we obtain

F (6)
abcd = F (2)

abcd �Nc �ad �bc �
N2

c

8
dadedbce . (33)

To arrive at this result, we have defined the matrices

(Da)bc = dabc (34)

and used the trace relation [7]

Tr
�
F aF bDc

�
=

Nc

2
dabc . (35)

Generalizing relation (33) to higher orders leads to

F (4+2n)
abcd = F (2n)

abcd + (�Nc)
n �ad �bc �

1

2

✓
Nc

2

◆n+1

dadedbce (36)

for all n 2 N. It follows that any symbol F (2n)
abcd for n � 3 can be reduced to the two symbols

in (27) plus terms proportional to �ad �bc and dadedbce. In other words, only four color tensors
are generated by successive applications of �c, namely

fabefcde , dadedbce , �ab �cd , �ad �bc . (37)

There is no need to symmetrize the first and the third structure in the index pair (b, c), because
the color trace ⌦

H
�
T

a
2 {T b

1 ,T
c
1 }T d

j � (1 $ 2)
�↵

(38)

with which these structures are contracted already has this symmetry.
At this point, we arrive at the result

Crn = �256⇡2 (4Nc)
n�r

"
M+2X

j=3

Jj

4X

i=1

c(r)i

⌦
H2!M O

(j)
i

↵
+ terms proportional to J12

#
, (39)

where the basis operators are defined as

O
(j)
1 = fabefcde T

a
2 {T b

1 ,T
c
1 }T d

j � (1 $ 2) ,

O
(j)
2 = dadedbce T

a
2 {T b

1 ,T
c
1 }T d

j � (1 $ 2) ,

O
(j)
3 = T

a
2 {T a

1 ,T
b
1 }T b

j � (1 $ 2) ,

O
(j)
4 = 2C1 T2 · Tj � 2C2 T1 · Tj .

(40)
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where the basis operators have been defined in (40) and (49). It follows from (21) that the

coe�cients d(r)i vanish for r = 0. We find that these coe�cients obey the recurrence relations
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c c
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3 + 8d(s)1 + 8Nc d

(s)
4 ,

d(s+1)
5 = 4 (C1 + C2)

h
4c(s)1 +Nc c

(s)
3 �Nc c

(s)
4

i
� 2Nc (N2

c + 8)

3
c(s)1 � 4N2

c c
(s)
3 + 4Nc d

(s)
5 ,

d(s+1)
6 = 8C1C2

h
2c(s)1 �Nc c

(s)
4 + 4d(s)1

i
.

(52)
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linearly independent color structures must be generalized to

S1 = fabefcde {T b
1 ,T

c
1 } {T a

2 ,T
d
2 } ,

S2 = dadedbce {T b
1 ,T

c
1 } {T a

2 ,T
d
2 } ,

S3 = dadedbce
h
T

a
2

�
T

b
1 T

c
1 T

d
1

�
+
+ (1 $ 2)

i
,

S4 = {T a
1 ,T

b
1 } {T a

2 ,T
b
2 } ,

S5 = T1 · T2 ,

S6 = 1 .

(49)

In other words, the linear combinations of the di↵erent structures in each line of (45) are
broken up in their substructures. With this generalization, we obtain the mappings

S1 ! 8Nc S1 + 2Nc S2 + 8S4 + 32C1C2 S6 ,

S2 ! 4Nc S2 ,

S3 ! 4Nc S3 ,

S4 ! 8S1 + 8Nc S4 ,

S5 ! 4Nc S5 ,

S6 ! 0 .

(50)

Therefore, the basis {Si} closes under repeated application of �c.
At this point, we obtain the final result

Crn = �256⇡2 (4Nc)
n�r

"
M+2X

j=3

Jj

4X

i=1

c(r)i

⌦
H2!M O

(j)
i

↵
� J12

6X

i=1

d(r)i

⌦
H2!M Si

↵
#
, (51)

where the basis operators have been defined in (40) and (49). It follows from (21) that the

coe�cients d(r)i vanish for r = 0. We find that these coe�cients obey the recurrence relations

d(s+1)
1 = 2Nc c

(s)
1 + 4c(s)3 + 8Nc d

(s)
1 + 8d(s)4 ,

d(s+1)
2 = Nc c

(s)
1 + 2Nc d

(s)
1 + 4Nc d

(s)
2 ,

d(s+1)
3 = 2Nc c

(s)
1 + 4Nc d

(s)
3 ,

d(s+1)
4 = 4c(s)1 + 2Nc c

(s)
3 + 8d(s)1 + 8Nc d

(s)
4 ,

d(s+1)
5 = 4 (C1 + C2)

h
4c(s)1 +Nc c

(s)
3 �Nc c

(s)
4

i
� 2Nc (N2

c + 8)

3
c(s)1 � 4N2

c c
(s)
3 + 4Nc d

(s)
5 ,

d(s+1)
6 = 8C1C2

h
2c(s)1 �Nc c

(s)
4 + 4d(s)1

i
.

(52)
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Coefficient functions:

From our result (21), it follows that for the special case where r = 0 we have

c(0)i = �i1 . (41)

Applying some number s insertions of �c we generate the right-hand side of (39) with co-

e�cients c(s)i . (We also generate terms proportional to J12, which will be discussed below.)
Applying �c one more time, the four structures change to

O
(j)
1 ! 6Nc O

(j)
1 +Nc O

(j)
2 + 4O(j)

3 + 4O(j)
4 ,

O
(j)
2 ! 4Nc O

(j)
2 ,

O
(j)
3 ! 4O(j)

1 + 6Nc O
(j)
3 ,

O
(j)
4 ! 2Nc O

(j)
4 .

(42)

The first relation follows from (30), and the remaining relations are readily derived by repeating
the derivation of (23) from (21) after replacing the overall color tensor fabefcde with dadedbce,
�ab �cd, and �ad �bc, respectively, making use of the trace relations in (26) and (35). The above
replacement rules lead to the recurrence relations

c(s+1)
1 = 6Nc c

(s)
1 + 4c(s)3 ,

c(s+1)
2 = Nc c

(s)
1 + 4Nc c

(s)
2 ,

c(s+1)
3 = 4c(s)1 + 6Nc c

(s)
3 ,

c(s+1)
4 = 4c(s)1 + 2Nc c

(s)
4 .

(43)

Solving this set of equations with the initial conditions in (41), we find

c(r)1 = 2r�1
⇥
(3Nc + 2)r + (3Nc � 2)r

⇤
,

c(r)2 = 2r�2Nc

"
(3Nc + 2)r

Nc + 2
+

(3Nc � 2)r

Nc � 2
� (2Nc)

r+1

N2
c � 4

#
,

c(r)3 = 2r�1
⇥
(3Nc + 2)r � (3Nc � 2)r

⇤
,

c(r)4 = 2r�1


(3Nc + 2)r

Nc + 1
+

(3Nc � 2)r

Nc � 1
� 2N r+1

c

N2
c � 1

�
.

(44)
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Taking into account the expressions for the coe�cients c(s)i obtained in (44), we find that the
solutions to these relations are

d(r)1 = 23r�1
⇥
(Nc + 1)r + (Nc � 1)r

⇤
� 2r�1

⇥
(3Nc + 2)r + (3Nc � 2)r

⇤
,

d(r)2 = 23r�2Nc


(Nc + 1)r

Nc + 2
+

(Nc � 1)r

Nc � 2

�
� 2r�2Nc


(3Nc + 2)r

Nc + 2
+

(3Nc � 2)r

Nc � 2

�
,

d(r)3 = 2r�1Nc

"
(3Nc + 2)r

Nc + 2
+

(3Nc � 2)r

Nc � 2
� (2Nc)

r+1

N2
c � 4

#
,

d(r)4 = 23r�1
⇥
(Nc + 1)r � (Nc � 1)r

⇤
� 2r�1

⇥
(3Nc + 2)r � (3Nc � 2)r

⇤
,

d(r)5 = 2r (C1 + C2)


Nc + 2

Nc + 1
(3Nc + 2)r � Nc � 2

Nc � 1
(3Nc � 2)r � 2N r+1

c

N2
c � 1

�

� 2r�1Nc

3

⇥
(Nc + 4) (3Nc + 2)r + (Nc � 4) (3Nc � 2)r � (2Nc)

r+1 ⇤ ,

d(r)6 = 23r+1C1C2

⇥
(Nc + 1)r�1 + (Nc � 1)r�1 ⇤ (1� �r0)

� 2r+1C1C2


(3Nc + 2)r

Nc + 1
+

(3Nc � 2)r

Nc � 1
� 2N r+1

c

N2
c � 1

�
.

(53)

Relations (51), (44) and (53) represent our final solution for the color structures Crn.

2.4 Initial-state partons in the fundamental representation

The general result (51) simplifies drastically if particles 1 and 2 both transform in the (anti-
)fundamental representation of SU(Nc), because we can then use the relation (for i = 1, 2)

{T a
i ,T

b
i } =

1

Nc
�ab + �i dabc T

c
i , (54)

where �i = 1 for an initial-state anti-quark and �i = �1 for an initial-state quark. [Shouldn’t
this be the other way around?] In this case, the basis operators involving symmetric products
of two or three color generators can be simplified. We obtain

O
(j)
1 = (T1 � T2) · Tj �

Nc

2
(�1 � �2) dabc T

a
1 T

b
2 T

c
j ,

O
(j)
2 =

N2
c � 4

Nc
(�1 � �2) dabc T

a
1 T

b
2 T

c
j ,

O
(j)
3 = � 1

Nc
(T1 � T2) · Tj + (�1 � �2) dabc T

a
1 T

b
2 T

c
j ,

O
(j)
4 = �N2

c � 1

Nc
(T1 � T2) · Tj ,

(55)
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All-order summation of large logarithmic corrections, including the 
superleading logarithms!  

 Example: Summation of superleading logarithms for   
scattering in color-singlet channel:
⇒ qq → qq

8

RESUMMATION OF SUPERLEADING LOGARITHMS
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TOWARD AN EFFECTIVE FIELD THEORY FOR LHC JETS
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Phenomenological impact in forward gluon-gluon scattering:

 necessary to include eight terms (  10 loops) to obtain reliable results;  
rriiresummation formalism is essential!
⇒ ≤

9

RESUMMATION OF SUPERLEADING LOGARITHMS
Neubert Part B2 EFT4jets
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ŝ = 1TeV , �Y = 2
<latexit sha1_base64="ZPnjZDIPYTpsCethNbR0UlR9q9Y=">AAACFnicbVDLSgNBEJz1GdfXqkcvg0HwEMNuDOglENCDxwgmKtkQZicdMzj7cKZXDEvyE178FS8eFPEq3vwbJzEHXwUNRVU33V1BIoVG1/2wpqZnZufmcwv24tLyyqqztt7Qcao41HksY3UeMA1SRFBHgRLOEwUsDCScBVeHI//sBpQWcXSK/QRaIbuMRFdwhkZqO7u+vlaY+T2GVA8qnl/wEW4xO4XGgPqFgj0c2v4RSGT0olJqO3m36I5B/xJvQvJkglrbefc7MU9DiJBLpnXTcxNsZUyh4BIGtp9qSBi/YpfQNDRiIehWNn5rQLeN0qHdWJmKkI7V7xMZC7Xuh4HpDBn29G9vJP7nNVPsHrQyESUpQsS/FnVTSTGmo4xoRyjgKPuGMK6EuZXyHlOMo0nSNiF4v1/+SxqlordXLJ2U89XyJI4c2SRbZId4ZJ9UyTGpkTrh5I48kCfybN1bj9aL9frVOmVNZjbID1hvn+p8nd0=</latexit>

gg ! gg
<latexit sha1_base64="VCGhFBjjw9cS6CcNy/HmcYsLpos=">AAAB73icbVDLSgMxFL1TX7W+qi7dBIvgqszUgi4LblxWsA9oh5JJb6ehmcyYZIQy9CfcuFDErb/jzr8xbWehrQcCh3PuJfecIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ7dzvPKHSPJYPZpqgH9FQ8hFn1FipG4Z9E5MwHJQrbtVdgKwTLycVyNEclL/6w5ilEUrDBNW657mJ8TOqDGcCZ6V+qjGhbEJD7FkqaYTazxb3zsiFVYZkFCv7pCEL9fdGRiOtp1FgJyNqxnrVm4v/eb3UjG78jMskNSjZ8qNRKojNOA9PhlwhM2JqCWWK21sJG1NFmbEVlWwJ3mrkddKuVb2rau2+XmnU8zqKcAbncAkeXEMD7qAJLWAg4Ble4c15dF6cd+djOVpw8p1T+APn8we/WY+7</latexit>

n = 5
<latexit sha1_base64="vpDiL7BK9UpSaHPT/y390kyePks=">AAAB6nicdVBNS8NAEJ3Ur1q/qh69LBbBU0iafuhBKHjxWNHWQhvKZrtpl242YXcjlNKf4MWDIl79Rd78N27TCir6YODx3gwz84KEM6Ud58PKrayurW/kNwtb2zu7e8X9g7aKU0loi8Q8lp0AK8qZoC3NNKedRFIcBZzeBePLuX93T6VisbjVk4T6ER4KFjKCtZFuxEW1Xyw5dq3u1CoecmyvVvcy4rrn9XIVubaToQRLNPvF994gJmlEhSYcK9V1nUT7Uyw1I5zOCr1U0QSTMR7SrqECR1T50+zUGToxygCFsTQlNMrU7xNTHCk1iQLTGWE9Ur+9ufiX1011eOZPmUhSTQVZLApTjnSM5n+jAZOUaD4xBBPJzK2IjLDERJt0CiaEr0/R/6Rdtl3PLl9XSo3KMo48HMExnIILdWjAFTShBQSG8ABP8Gxx69F6sV4XrTlrOXMIP2C9fQI7b427</latexit>

Figure 3: Individual contributions of the terms of order ↵
n+3
s L

2n+3 to the series of SLLs in (22), in units of
the Born cross section (corresponding to the lowest order), for forward qq ! qq scattering (left) and gg ! gg

scattering (right) at partonic center-of-mass energy of 1TeV and a rapidity gap �Y = 2 between the jets. We
use ↵s = ↵s(Q0) for the QCD coupling.
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The left panel of Figure 3 illustrates the behavior of the first few terms in the series of SLLs for
the case of qq ! qq scattering in the color-octet channel, which is more relevant because in QCD the
lowest-order diagram for quark-quark scattering involves a t-channel gluon exchange. The size of the
corrections is of comparable magnitude with the singlet case. The colored curves show the individual
contributions of the terms of order ↵

n+3
s L

2n+3 to the series in (22), in units of the Born cross section,
for the case of forward scattering at

p
ŝ = 1TeV and a rapidity gap �Y = 2 between the jets. The

shown contributions correspond to logarithmically enhanced e↵ects arising at 3-loop to 7-loop order
in perturbation theory. We use ↵s = ↵s(Q0) for the QCD coupling, as done in [24] (see the comments
below). Note the alternating behavior of the series, which according to (22) is a general feature of the
series of SLLs. It is only because of this property that the sum of all contributions (n = 0, 1, . . . , 1)
adds up to a moderate correction to the cross section, which varies between 17% and 9% for Q0

between 20 and 35 GeV. The largest contribution comes from the term with n = 0, which is not a SLL
in the strict sense of the word, as this e↵ect scales like ↵

3
sL

3 (=mL)2. Nevertheless, this contribution
has the same physical origin and is not captured by conventional parton showers (see e.g. [63]), and
it is important to include it for consistency.

I. Resummation of SLLs for arbitrary jet processes, including subleading e↵ects

Quark-initiated processes are relatively simple, because in the fundamental representation of SU(Nc)
arbitrary products of color generators can be expressed as linear combinations of the unit matrix and
the generators themselves:

{T
a

i ,T
b

i } =
1

Nc

�ab 1 + �i dabc T
c

i , (27)

where �i = ±1 was defined after (23). It is of paramount importance for many important LHC
processes to generalize the approach to processes containing gluons in the initial state. This necessarily
leads to a vastly more complicated color algebra, because in the adjoint representation of SU(Nc)
symmetrized products of color generators cannot be simplified in a straightforward way. It is not at
all obvious that a closed expression for the traces Crn can be found in this case, but my calculations
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Figure 4: Resummed contributions of SLLs in forward qq ! qq (left) and gg ! gg (right) scattering for three
di↵erent scale choices for the QCD coupling ↵s.

the scale integrals, it is possible to account for other higher-order contributions by using the known
expressions for the two-loop cusp anomalous dimension and �-function. Further contributions arising
at order ↵

n+3
s L

2n+2 involve color traces analogous to those in (20), in which one includes one less
insertion of �c but a second insertion of �. I expect that it will be possible to evaluate these traces
in closed form. If this is not the case, one can truncate the sum over n in (22) at a finite order and
perform the relevant color traces using the ColorMath tool [76].

The SLLs arise from the color traces (20) with two insertions of the Glauber operator V
G. Since

for realistic choices of the parameters Q and Q0 the quantities w = Nc↵s
4⇡ L

2 and w⇡ = Nc↵s
4⇡ (2⇡)2 are

of similar magnitude, it is natural to ask how important the contributions from color traces involving
four, six or more Glauber insertions are. These traces have the structure

Cr1...r2kn =
⌦
H2+nJ (�c)r1 V G (�c)r2 V G

. . . (�c)r2k V G � ⌦ 1
↵
, (30)

where
P2k

i=1 ri = n, and they contribute at order ↵
n+2k+1
s L

2n+2k+1(2⇡)2k / ↵s w
n+k

w
k
⇡ in perturbation

theory. The SLLs are recovered in the case where k = 1. Including also the terms with k > 1 generates
a Glauber series of subleading logarithmic e↵ects. I believe it should be possible to calculate some of
these higher-order e↵ects analytically by generalizing the methods developed in [24] (milestone I.3).

As a result of these improvements, I expect to obtain all-order predictions for the contributions of
the SLLs to arbitrary LHC jet cross sections with vastly improved perturbative stability (compared
with the bands shown in Figure 4). Since there is no double counting between these e↵ects and any
state-of-the-art perturbative calculations of jet rates, even those improved using parton showers, the
e↵ects of the SLLs can be taken into account consistently by means of a multiplicative correction
factor to the di↵erential cross section, i.e.

d�(pp ! X+jets)
��
fixed order+PS

!

✓
1 +

d�SLL

d�Born

◆
d�(pp ! X+jets)

���
fixed order+PS

. (31)

This correction must be applied to the di↵erential cross sections, because in general the SLLs will be
sensitive to the kinematic dependence of the Born cross section (milestone I.4). Our estimates show
that the corrections from SLLs can be sizable (see Figure 4). Their e↵ects are not included in existing
calculations of jet cross sections, and the possibility of their existence is not reflected in the error
estimates for these calculations.

II. Systematic study of single-logarithmic corrections (including NGLs)

The factorization formula (10) provides a complete EFT description of non-global hadron-collider
observables, in which all logarithmically enhanced e↵ects can be calculated in a systematic way. Once
the SLLs have been calculated for in the way described above, one must still account for the remaining
single-logarithmic corrections. They start at one-loop order and are described by color traces with
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Can  a more general notion of 
factorization be established?
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2a. State-of-the-art and objectives

With the discovery of the Higgs boson in 2012, the Large Hadron Collider (LHC) at CERN has
revealed the mechanism underlying electroweak symmetry breaking, a key feature of the Standard
Model (SM) of elementary-particle physics. At the same time, the LHC should guide us to resolve
some of the pressing questions left unanswered by the SM. The existence of dark matter and the
abundance of matter over antimatter in the universe are among the phenomena that can only be
explained postulating the existence of “new physics” in the form of new particles and interactions.
In April 2022, the LHC has continued its high-luminosity run, 12 years after the first protons were
collided. In the absence of any direct discoveries of new physics, and in light of some intriguing indirect
hints for the existence of heavy new particles from precision measurements of the anomalous magnetic
moment of the muon [1] and some rare decay processes of B mesons [2], the question poses itself:
Which strategy should one take to fully exploit the discovery potential of the high-luminosity LHC?
I argue in this proposal that precision is the key! Indirect signals of new physics might be hiding
“right under our noses”, but we are limited in our ability to discover them due to present theoretical
uncertainties. In searches for new phenomena, the SM background processes must be controlled with
highest possible accuracy. Thus, we need to significantly improve our ability to calculate the cross
sections for important LHC processes, both in the SM and in extensions featuring new particles.

Scattering processes in which jets – highly collimated sets of energetic particles – are produced
are the most important class of observables studied in high-energy processes, because they closely
mirror the underlying hard-scattering event. They are thus well suited to study short-distance
physics and play an important role in the search for new phenomena. However, the rates for jet
production at hadron colliders are also among the most complicated observables to calculate the-
oretically. Traditionally, cross sections for hadron-collider processes are calculated using pertur-
bative expansions in powers of the strong coupling ↵s along with QCD factorization theorems ,
which relate the hadronic cross sections to partonic cross sections convoluted with parton distri-
bution functions. There has been impressive recent progress on the front of fixed-order perturbative
calculations, where an increasing number of inclusive observables have been computed at next-to-
next-to-next-to-leading order (NNNLO) of perturbation theory [3–16]. For exclusive (or non-global)
observables such as jet cross sections, in which a veto is imposed on radiation in a region away
from the jets, the state-of-the-art is NNLO, see e.g. [17]. Despite these advances, for non-global
observables we are still lacking an understanding of even the leading logarithmically enhanced cor-
rections in higher orders of perturbation theory. Starting from four-loop order, double-logarithmic
corrections arise – the super-leading logarithms (SLLs) [18] – whose structure is still largely unknown.

p

p

Figure 1: Diagrammatic representation of
two Glauber-gluon exchanges (red) between the
initial-state partons in a proton-proton collision.
Collinear gluons moving along the beam directions
are drawn in blue, soft gluons emitted into the gap
are shown in green.

One might think that these e↵ects are numerically
very small, because they only arise in higher orders,
but I argue that they can naturally be of the same or-
der as a one-loop correction. It is then imperative to
study these e↵ects in detail and add the corresponding
corrections to existing fixed-order calculations. The
SLLs are caused by a subtle quantum e↵ect: the ex-
change of two Coulomb gluons (or Glauber gluons) be-
tween the two initial-state partons in the scattering
process, see Figure 1. This leads to a breakdown of
color coherence, the fact the sum of soft-gluon emis-
sion o↵ two collinear partons has the same e↵ect as
a single soft emission o↵ the parent parton. Color
coherence, however, is the basis for proofs of QCD
factorization theorems, which underly the theoretical
calculation of all LHC cross sections. The physics that
gives rise to the SLLs therefore leads to a breaking of

1

red: Coulomb gluons
blue: gluons along beams 
green: soft gluons between jets
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▸ What are the implications for LHC 
phenomenology? Some benchmark 
processes: , , 

, , …
pp → 2 jets pp → H/V + jets

pp → jet + ET pp → new particles/
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▸ Based on a powerful new factorization theorem 

▸ Analytic all-order resummation of superleading 
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▸ Calculation of subleading effects using 
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▸ Ab initio understanding of violations of 
“conventional” factorization and derivation of 
generalized factorization theorems 
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2a. State-of-the-art and objectives

With the discovery of the Higgs boson in 2012, the Large Hadron Collider (LHC) at CERN has
revealed the mechanism underlying electroweak symmetry breaking, a key feature of the Standard
Model (SM) of elementary-particle physics. At the same time, the LHC should guide us to resolve
some of the pressing questions left unanswered by the SM. The existence of dark matter and the
abundance of matter over antimatter in the universe are among the phenomena that can only be
explained postulating the existence of “new physics” in the form of new particles and interactions.
In April 2022, the LHC has continued its high-luminosity run, 12 years after the first protons were
collided. In the absence of any direct discoveries of new physics, and in light of some intriguing indirect
hints for the existence of heavy new particles from precision measurements of the anomalous magnetic
moment of the muon [1] and some rare decay processes of B mesons [2], the question poses itself:
Which strategy should one take to fully exploit the discovery potential of the high-luminosity LHC?
I argue in this proposal that precision is the key! Indirect signals of new physics might be hiding
“right under our noses”, but we are limited in our ability to discover them due to present theoretical
uncertainties. In searches for new phenomena, the SM background processes must be controlled with
highest possible accuracy. Thus, we need to significantly improve our ability to calculate the cross
sections for important LHC processes, both in the SM and in extensions featuring new particles.

Scattering processes in which jets – highly collimated sets of energetic particles – are produced
are the most important class of observables studied in high-energy processes, because they closely
mirror the underlying hard-scattering event. They are thus well suited to study short-distance
physics and play an important role in the search for new phenomena. However, the rates for jet
production at hadron colliders are also among the most complicated observables to calculate the-
oretically. Traditionally, cross sections for hadron-collider processes are calculated using pertur-
bative expansions in powers of the strong coupling ↵s along with QCD factorization theorems ,
which relate the hadronic cross sections to partonic cross sections convoluted with parton distri-
bution functions. There has been impressive recent progress on the front of fixed-order perturbative
calculations, where an increasing number of inclusive observables have been computed at next-to-
next-to-next-to-leading order (NNNLO) of perturbation theory [3–16]. For exclusive (or non-global)
observables such as jet cross sections, in which a veto is imposed on radiation in a region away
from the jets, the state-of-the-art is NNLO, see e.g. [17]. Despite these advances, for non-global
observables we are still lacking an understanding of even the leading logarithmically enhanced cor-
rections in higher orders of perturbation theory. Starting from four-loop order, double-logarithmic
corrections arise – the super-leading logarithms (SLLs) [18] – whose structure is still largely unknown.
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Figure 1: Diagrammatic representation of
two Glauber-gluon exchanges (red) between the
initial-state partons in a proton-proton collision.
Collinear gluons moving along the beam directions
are drawn in blue, soft gluons emitted into the gap
are shown in green.

One might think that these e↵ects are numerically
very small, because they only arise in higher orders,
but I argue that they can naturally be of the same or-
der as a one-loop correction. It is then imperative to
study these e↵ects in detail and add the corresponding
corrections to existing fixed-order calculations. The
SLLs are caused by a subtle quantum e↵ect: the ex-
change of two Coulomb gluons (or Glauber gluons) be-
tween the two initial-state partons in the scattering
process, see Figure 1. This leads to a breakdown of
color coherence, the fact the sum of soft-gluon emis-
sion o↵ two collinear partons has the same e↵ect as
a single soft emission o↵ the parent parton. Color
coherence, however, is the basis for proofs of QCD
factorization theorems, which underly the theoretical
calculation of all LHC cross sections. The physics that
gives rise to the SLLs therefore leads to a breaking of
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